Susceptibility and response to infectious disease is, in part, heritable. Initial attempts to identify the causal genetic polymorphisms have not been entirely successful because of the complexity of the genetic, epigenetic, and environmental factors that influence susceptibility and response to infectious disease and because of flaws in study design. Potential associations between clinical outcome from sepsis and many inflammatory cytokine gene polymorphisms, innate immunity pathway gene polymorphisms, and coagulation cascade polymorphisms have been observed. Confirmation in large, well conducted, multicenter studies is required to confirm current findings and to make them clinically applicable. Unbiased investigation of all genes in the human genome is an emerging approach. New, economical, high-throughput technologies may make this possible. It is now feasible to genotype thousands of tag single nucleotide polymorphisms across the genome in thousands of patients, thus addressing the issues of small sample size and bias in selecting candidate polymorphisms and genes for genetic association studies. By performing genomewide association studies, genome-wide scans of nonsynonymous single nucleotide polymorphisms, and testing for differential allelic expression and copy number polymorphisms, we may yet be able to tease out the complex influence of genetic variation on susceptibility and response to infectious disease.
Introduction
Infectious diseases impose a huge burden on modern healthcare systems -a problem that is even more significant in developing countries. In older adults infectious diseases accounted for 13% of all hospital charges in the USA in one study [1] . Another study conducted in a pediatric population estimated that in 2003 a total of 286,739 infectious disease hospitalizations occurred among infants in the USA, accounting for 42.8% of all hospitalizations of infants [2] . Additionally, we face the problem of increased hospital mortality rates and costs due to increasingly resistant organisms such as methicillin-resistant Staphylococcus aureus [3] [4] [5] [6] and vancomycin-resistant enterococci [7, 8] . An understanding of what determines susceptibility and response to infectious disease is central to reducing its associated burden and improving health care.
Susceptibility and response to infectious disease is heritable. Sorensen and colleagues [9] found that the genetic contribution to death from infection is five times greater than the genetic contribution to cancer. Since that report was published, multiple groups have confirmed that susceptibility to and outcome from infectious disease is heritable [10] [11] [12] . As a result, investigators have sought to identify genetic variants associated with altered susceptibility and response to infectious disease. Identification of the genetic variants associated with infectious disease would permit early identification of patients at greater risk for adverse outcome from, for example, pneumonia, sepsis, and acute respiratory distress syndrome. It would also promote development of novel, perhaps individually tailored, treatments for these patients. In addition, detrimental side effects and expense of adjuvant therapy could be avoided in other patients who, by genotype, are predicted not to benefit.
Initial investigations have highlighted the complexity of the immune response and thus the large number of host genes that probably play a role in determining an individual's susceptibility and response to infection. Additionally, environmental factors may greatly modify genetic effects. Important environmental factors include type of organism, antibiotic susceptibility, site of infection, how soon the infection is detected, and whether it is treated appropriately with antibiotics, resuscitation, supportive medical management and/or surgery. Searching for genetic contributors to susceptibility and response to infection is challenging in view of these important confounders. Inadequate sample size and mismatching of patients with control individuals may contribute Review Bench-to-bedside review: Association of genetic variation with sepsis to the lack of reproducibility seen in case-control studies. Gene-gene interactions, epigenetic effects, and patterns of linkage disequilibrium contained within haplotypes are all issues that must be addressed. Despite this extremely high degree of complexity, high-throughput genotyping technologies and large patient cohorts may now allow us to tease out the key genetic variants that influence susceptibility and response to infection.
Candidate gene-based approach to genetic association studies
From a genetics perspective, infection is a complex disease that arises from the interaction of an individual's genotype with the environment (infectious micro-organisms). Classic Mendelian, single-gene diseases are studied using techniques such as linkage analysis. In linkage analysis an identifiable genetic marker is used as a tool to track the inheritance pattern of a nearby disease gene that has not yet been identified but whose approximate location is known [13] . This approach has not worked well for complex diseases that may involve many genes. In contrast, by using the known pathophysiology of specific diseases to direct good guessescalled the candidate gene approach [14] -investigators have discovered many associations between genetic variants in these relevant candidate genes and clinical outcome in diseases such as diabetes, hypertension, and infection. Candidate gene association studies determine whether the frequency of a 'risk' allele is higher in affected than in unaffected individuals. Linkage studies are not as powerful as candidate gene association studies in identifying risk genetic variants for common, complex diseases [13] because of the modest effect of risk alleles in complex disease and poor resolution. However, whole-genome genotyping in very large populations of patients with specific complex diseases is starting to yield discoveries.
Genetic association studies in infectious diseases have largely focused on candidate genes in the inflammatory and immune systems, because these are assumed to be important in the immune response to an infection. Polymorphisms in inflammatory and immune system genes may lead to inappropriate activation of the inflammatory system in response to invading micro-organisms. Critical care investigators have also looked at candidate genes in the coagulation system, because an inappropriate coagulation response is important in the pathology of sepsis and is intricately tied to the immune response [15] [16] [17] [18] .
Once a candidate gene had been selected for study, variants within the gene must be tested for association with phenotype. Single nucleotide polymorphisms (SNPs) are the most commonly occurring type of variant in the genome, and they are the most frequently studied in genetic association studies. SNPs are a single-base change in the DNA sequence. HapMap [19] and related projects have now identified most common SNPs in the human genome (about 2.2 million SNPs with a minor allele frequency >5%) in a variety of ancestral groups, greatly simplifying SNP selection for genetic association studies. Polymorphisms that change the amino acid sequence of a gene, that are in a potential regulatory sequence, or that alter a splice site of a gene have a higher probability of having functional consequences. Therefore, these polymorphisms have traditionally been the most popular candidates for genetic association studies [13] .
Candidate gene single nucleotide polymorphism associations in sepsis
Early genetic association studies using a candidate gene strategy focused on potential functional SNPs have produced somewhat unclear and conflicting results. We review some well known examples in genes familiar to many intensive care physicians.
Tumour necrosis factor-α α promoter polymorphisms
The A allele of a G-to-A polymorphism at position -308 in the promoter region of the tumour necrosis factor-α gene was initially found to be associated with adverse outcome in patients with septic shock [20] . A number of subsequent studies yielded similar results [21, 22] but several studies [23] , including a recent large study [24] , were unable to reproduce these findings. Interestingly, the tumour necrosis factor-α gene is located close to the lymphotoxin-α gene, the heat shock protein 70 gene, and other inflammatory pathway genes. A number of investigators have suggested that SNPs in these genes may be the real cause of any observed differences in patient outcomes.
Interleukin-6 polymorphisms
A key inflammatory cytokine that has been well examined in genetic association studies in infectious disease is IL-6. These studies have also produced conflicting results and highlight the problems with reproducibility in genetic association studies. The C allele of a G-to-C polymorphism at position -174 of the IL-6 gene was associated with decreased levels of IL-6 [25] in one study, and another study found an association between -174 GG and increased serum IL-6 concentrations [26] . However, a third study found no association between either allele and serum concentrations [27] . In critically ill patients, one study found no association between the -174 G/C polymorphism and incidence of sepsis, although -174 GG was associated with improved survival rates in patients with sepsis [28], whereas our group found that the -174 G/C polymorphism was not associated with a difference in survival [29] . We may not have a complete understanding of how polymorphisms in genes alter their expression or function, and so it may be more useful to select SNPs that allow us to describe all of the variation in a gene, and not just the variation that we presume may have functional significance. Our limited knowledge of transcriptional regulation and the structure of linkage disequilibrium may in part be responsible for the lack of reproducibility of many genetic association studies in sepsis. A haplotype-based approach to candidate gene association studies enables us to avoid making presumptions about the functional significance of SNPs in candidate genes. A number of haplotype-based studies have found associations between candidate genes and infectious disease.
CD14 polymorphisms

Protein C haplotypes
Two polymorphisms 13 base pairs apart in the promoter region of the protein C gene (-1,654 C/T and -1,641 G/A) have been suggested to alter outcome in sepsis [55] and to alter protein C levels in blood [56] (Figure 1 ). Chen and coworkers [57] found that the CA haplotype of protein C -1,654 C/T and -1,641 G/A was associated with increased risk for death and organ dysfunction in Chinese Han patients with severe sepsis. The C allele of protein C 673 T/C (linkage disequilibrium with the CA haplotype, D' = 100%) was also found to be associated with increased mortality and organ dysfunction in a cohort of 100 North American East Asians with severe sepsis [58]. 
IL-6 haplotypes
C-reactive protein haplotypes
The C-reactive protein haplotype 1,184C; 2,042C; 2,911C was found to be more frequent in individuals who were not colonized with S. aureus in the vestibulum nasi, and host genotype was associated with the carriage of specific S. aureus genotypes [77] . This is interesting in that it highlights the importance of looking not just at host genetic variation but also at variation in micro-organisms and how this affects the interaction between host and micro-organism.
Other inflammation/coagulation gene haplotypes A fibrinogen-β gene haplotype was associated with mortality in sepsis [78] . An IL-10 haplotype has been associated with increased mortality in critically ill patients with sepsis from pneumonia but not in patients with extrapulmonary sepsis [79] .
Remaining problems
Although haplotype analysis has produced some interesting results, there remains the problem of nonreproducible results seen in genetic association studies based on functional SNPs. Additionally, groups appear to be inconsistent in their definition of haplotypes within candidate genes, and haplotypes defined in one patient population may not be applicable to another. With the growing collection of documented SNPs in the genome, our improved understanding of the patterns of genetic variation, and high-throughput genotyping technologies, we now have the ability to move away from candidate gene based association studies. The risk of looking for candidate genes among pathways we already know is that we may miss key genes because of ignorance of the other biologic systems involved [14] . Approximately 10% of the 30,000 human genes are immune response genes, and thus the likelihood of any single gene being associated with infectious disease is low [80] . We now have the tools to use a broader, less biased approach to genetic association studies, and this may allow us finally to tease out the contributions made by genetic variants to susceptibility and response to infectious disease.
Moving forward with genetic association studies in sepsis
Several technologies (Affymetrix and Illumina) have been developed during the past few years that allow thousands of SNPs to be genotyped rapidly and accurately using small amounts of DNA. As the speed and throughput of genotyping polymorphisms has increased, costs have decreased significantly. It is now feasible for researchers to genotype thousands of SNPs in thousands of patients at moderate cost. Concurrently, groups such as the International HapMap Project [50] and Perlegen Sciences [81] have provided high-resolution maps that allow researchers to select SNPs that are correlated with adjacent polymorphisms and can act as markers, or tag SNPs, for other unmeasured SNPs. Sets of thousands of common SNPs can now be selected so that they tag the most common variants in a population. These SNPs can then be genotyped at low cost in thousands of patient samples using new high-throughput genotyping platforms. These technologies and resources make new strategies for genetic association studies, such as genome-wide association, practical, and they allow researchers to take an unbiased approach to association studies independent from selection of candidate genes.
Genome-wide association
Genome-wide association studies (GWAS), like linkage analyses, do not require a prior hypothesis of candidate genes to test for association with disease. In GWAS, as in genetic association studies, allele frequencies are compared between cases and controls. In GWAS, however, it is not allele frequencies in individual candidate genes that are compared, but rather allele frequencies in an unbiased selection of SNPs across the whole genome. Thus, assumptions about important genes and pathways in disease are avoided and novel insights into biology are possible. That is, whereas candidate gene studies test only for variants within genes of known relevance, GWAS make it possible to gain further insight into the pathophysiology of sepsis. Novel genes that have significant impact on outcome from sepsis would implicate the gene pathways involved in sepsis.
Now that it is economically feasible to genotype hundreds of thousands of SNPs in thousands of patients, and HapMap has made available intermediate allele frequency polymorphisms that are informative for association studies [50], whole-genome association studies for complex disease are possible and have been conducted in a number of diseases. The first published example of a GWAS in complex disease found that functional SNPs in the lymphotoxin-α gene are associated with susceptibility and response to myocardial infarction (MI) [82] . A total of 92,788 tag SNPs were genotyped in 94 individuals with MI and 653 control individuals to identify a locus on chromosome 6p21 that was associated with susceptibility and response to MI. Further linkage disequilibrium mapping and haplotype analysis allowed the researchers to narrow down the association to two SNPs in the lymphotoxin-α gene in 1,133 affected individuals versus 1,006 control individuals. Importantly, the researchers validated their GWAS findings with in vitro functional analysis to establish the biologic plausibility of their finding. GWAS has now been used to find diseaseassociated alleles in Crohn's disease [83] , type 1 diabetes [84] , type 2 diabetes [85] and age-related macular degeneration [86] , and will be an important tool in identifying diseaseassociated alleles in infectious disease. The common (major) allele is illustrated in blue and the less common (minor) allele is displayed in yellow. SNPs are arranged in patterns called haplotypes. There are four common SNP patterns, or haplotypes, observed in the protein C gene. Haplotype 3 is the most common, making up about 40% of the observed haplotypes in those of European ancestry, whereas haplotype 2 makes up about one-third of the observed haplotypes. Haplotype 4 is the most similar to the haplotype observed in chimpanzees, and it is therefore considered the ancestral haplotype. The common haplotype 3 is similar to this ancestral haplotype on the left-hand SNPs, or 5' end, but differs significantly on the right hand SNPs, or 3' end. The 5' end of haplotype 1 is very similar to haplotype 2, which has evolved considerably away from the ancestral haplotype. However, 3' end of haplotype 1 is very similar to the ancestral haplotype 4. Therefore, there has almost certainly been a crossing over event that created this haplotype from two precursors. It is evident that much more information can be determined from haplotypes than from single SNPs.
Genome-wide array of nonsynonymous single nucleotide polymorphisms
An alternative to genotyping tag SNPs across the genome, as in GWAS, is to directly test association of large numbers of nonsynonymous SNPs (nsSNPs), or amino acid changing SNPs, to disease. There are now almost 60,000 documented SNPs that cause nonsynonymous amino acid substitutions [87] . High-throughput genotyping technologies allow all of these nsSNPs to be genotyped simultaneously in thousands of patients. nsSNPs may cause functional changes in a protein that lead to increased susceptibility and response to disease. By screening all known nsSNPs in the human genome, and not just in candidate genes, researchers do not have to make assumptions about which genes or pathways may play a role in disease. However, this method, unlike genome-wide association, does require some knowledge of the structure of genes. Genome-wide scans of nsSNPs have identified polymorphisms associated with type 1 diabetes [88] and Crohn's disease [89] .
Testing for differences in allelic expression
Recent studies have shown that polymorphic alleles may be differentially expressed within an individual and that this may contribute to phenotypic variation [90] [91] [92] [93] [94] . Classically, allelespecific differences in expression were attributed to phenomena such as genomic imprinting (methylation causing inactivation of one parental haplotype) [95] and X-chromosome inactivation [96] . More recently it has been recognized that allele-specific expression is relatively common among non-imprinted autosomal genes [91, 93, [97] [98] [99] and that this difference in allelic expression is heritable [93] . Common polymorphisms in autosomal genes may cause subtle quantitative changes in the expression of one allele of a gene that may make a minor contribution to a quantitative trait, or to the susceptibility and response to a disease. Genome-wide analysis of gene expression patterns has been used to examine differences in global patterns of gene expression between healthy and diseased individuals [90, 100, 101] . Allele-specific differences in expression appear to be cell-type and stimulus dependent [90, 100, 101] . Differential allelic expression has been associated with susceptibility and response to colorectal cancer [92] , schizophrenia [102] , and obesity [94] .
Nonsynonymous coding SNPs can be used to test heterozygote cell lines for differences in allelic expression [93, 103] . Within one cell, if there are no cis-acting regulatory elements affecting the expression of each allele, both alleles should be equally expressed [93] . However, if an individual is heterozygous for a functional cis-acting regulatory polymorphism, then the two alleles will be differentially expressed [93] . A nonsynonymous coding SNP within the transcript can be can be used as a tag to distinguish between transcripts derived from each allele [103] . Allelic discrimination can then be used to measure relative allelic expression levels, with each allele serving as an internal control for the other. Allele-specific gene expression can be performed on a genome-wide scale using oligonucleotide arrays in order to find regulatory elements [91] . Regulatory polymorphisms can then be mapped and tested for association with disease. Identifying regulatory SNPs or the haplotypes in which they lie may help us to understand how genetic variation influences susceptibility and response to disease.
Copy number polymorphisms
In addition to regulatory polymorphisms that cause allelespecific differences in expression, protein expression may be altered among individuals as a result of copy number polymorphisms (CNPs) [104, 105] . CNPs are alterations in genomic DNA that cause deletions or duplications of a gene in adjacent segments of DNA [104, 105] . Analogous to the definition of SNPs, the minor form of a CNP must occur in more than 1% of the population for this variation to be termed a CNP. The deletions or duplications result in varying copy numbers of genes among individuals and can cause measurable differences in protein expression. The differences in protein expression are not due to altered regulation of gene transcription, as in allele-specific differences in expression, but are a result of a decrease or increase in the number of copies of the gene in the genome [104] . CNPs are likely to contribute to complex disease and quantitative traits. An example of a CNP that leads to human disease is the genomic duplication of the PMP22 gene, which causes the most common form of Charcot-Marie Tooth disease [106] . CNPs are likely to have variable affects on phenotypes, depending on the sensitivity of the gene to dose, interactions with other loci, and the environment.
The availability of increasingly complex microarrays at decreasing cost has made it possible to perform genomewide analysis of CNPs to quantify copy number differences. Affymetrix and Illumina offer combined SNP genotyping and copy number analysis, allowing researchers to perform genome-wide studies to detect associations of disease with either CNPs or SNPs. Genotyping of multibase, often multiallelic CNPs is more challenging than genotyping di-allelic SNPs, however, and current data indicate that there is a low correlation between quantitative measures of CNPs and the true allelic state of each CNP in each individual [107] . More accurate assays are needed for association studies using CNPs.
Use of genetic tests in patient care
Although a number of important genetic associations with outcome from sepsis have been discovered, further steps are required to apply these discoveries to patient care. First, risk for adverse outcome predicted by genotype is somewhat helpful, but prediction of response to therapy is clearly more useful for clinicians deciding on therapeutic approaches. Therefore, genetic association studies must expand measured end-points to include response to specific therapies. Second, predictive genetic associations must also consider specificity and sensitivity analyses to confirm that genotypic information contributes to predictions of response to therapy or outcome beyond what is possible using classical measures (age, severity of illness, and so on). Third, prospective testing of predictive genetic tests in large multicenter studies will be important to validate the treatment-modifying discoveries and to define the effectiveness (a step beyond efficacy) of decisions based on the predictive genetic test. These are substantial hurdles but they can be addressed, particularly by global collaborations, which we should all now embrace.
Conclusions
The age of genomic personalized medicine is within our reach. Previous genetic association studies in sepsis have had problems with reproducibility as a result of a number of issues, including small sample sizes, bias resulting from selection of candidate genes, the influence of multiple genes and environment on phenotype, epigenetics, and a lack of understanding of the patterns of variation in the human genome. We are beginning to develop the ability to deal with these issues as new, more economically feasible technologies allow us to genotype thousands of patients at hundreds of thousands of loci, and as we develop a better understanding of the complexity of patterns of variation in the human genome and the environment. Discoveries of novel genotype-phenotype associations in infectious disease may provide us with a clearer understanding of the pathways that are involved in susceptibility and response to infection, and they may one day allow us to treat patients with more specific treatments with fewer side effects. 
